Evolution and ecology of body size in North American terrestrial mammals during the Paleocene and Eocene transition by Birlenbach, David
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Copyright 2014 David M. Birlenbach 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
EVOLUTION AND ECOLOGY OF BODY SIZE IN NORTH AMERICAN TERRESTRIAL 
MAMMALS DURING THE PALEOCENE AND EOCENE TRANSITION 
 
 
 
 
 
 
 
BY 
 
DAVID M. BIRLENBACH 
 
 
 
 
 
 
 
THESIS 
 
Submitted in partial fulfillment of the requirements  
for the degree of Master of Science in Biology 
with a concentration in Ecology, Ethology, and Evolution 
in the Graduate College of the  
University of Illinois at Urbana-Champaign, 2014 
 
 
 
 
Urbana-Champaign, Illinois 
 
 
Master’s Committee: 
  
 Research Assistant Professor Jonathan D. Marcot, Chair 
 Assistant Professor Karen E. Sears 
 Assistant Professor Surangi W. Punyasena 
 
 
 
 
ii 
 
Abstract 
 One of the largest turnovers in mammalian history occurred during the transition from the 
Paleocene to the Eocene. Paleocene communities in North America were comprised of small endemic 
archaic mammals. In the late Paleocene and early Eocene modern mammals immigrated into North 
America from Asia. The arrival of modern immigrants was followed by a decline in archaic mammals. 
Numerous studies have argued for climate and/or competition with modern mammals being potential 
causes behind the decline and eventual extinction of archaic mammals. 
 We examined the effects of the changing climate and faunal turnover on the structure of North 
American mammalian communities. To represent structure we use the distribution of body sizes, 
estimated using lower first molar areas. Using maximum likelihood model fitting we identified periods of 
stasis and change points in the community structure, taxonomic composition, and climate. We found that 
an initial change in community structure correlated with the change in taxonomic composition. The other 
changes points in structure are correlated with changes in climate suggesting climate played a role in the 
restructuring of communities. We used two non-parametric statistical tests; the Mann-Whitney U-test and 
Kolmogorov-Smirnov test, to confirm the placement of change points. The tests also showed that the 
multiple significant changes in structure occurring during the arrival of modern mammals suggesting a 
gradual change in community structure. Non-Metric Multidimensional Scaling (NMDS) was used to 
characterize communities. NMDS showed that the communities of the Paleocene were stable for most of 
the Paleocene while the communities of the Eocene were gradually changing.    
 We specifically looked at the effects of the transition in one archaic group, Plesiadapiformes. 
Plesiadapiformes’ decline has been hypothesized to be caused by competition with the modern 
immigrants. Maas et al 1988 found that within plesiadapiformes the superfamily Plesiadapoidea was in 
competition with rodents but found no evidence to support the same for a second superfamily, 
Microsyopoidea. Soligo 2006 found a trend towards increasing body size which he found to not be a 
result of changing climates.  To understand how competition may have affected plesiadapiformes 
evolution we tested the evolutionary dynamics of body size for plesiadapiformes as a whole and for the 
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superfamilies Plesiadapoidea and Microsyopoidea separately. We found that plesiadapiformes show 
higher extinction of larger bodied species after the arrival of rodents. Within Plesiadapiformes, 
Plesiadapoidea and Microsyopoidea show differences in their rates and mode of evolution suggesting 
different pressures acting upon them.  
 The transition from the Paleocene to the Eocene represents a major faunal reorganization within 
mammalian communities. Using body sizes we were able to better understand the ecology and evolution 
of mammals during the Paleocene and Eocene.  
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Chapter 1: Paleocene and Eocene North American Terrestrial Mammal Community Turnover 
 
Introduction 
One of the largest turnovers in mammalian history occurred during the late Paleocene and early 
Eocene. Prior to this in the Paleocene, North American mammalian communities were composed of 
archaic taxa that had either survived the Cretaceous-Paleogene (K/Pg) extinction or were the product of 
the subsequent radiation, including multituberculates, plesiadapiformes, early insectivores, and 
condylarths (Rose 1981, Archibald 1983, Janis 1993). These taxa formed a mammalian community that 
established quickly following the K/Pg and was relatively stable for approximately 10 My throughout the 
Paleocene (Maas and Krause 1994). Towards the end of the Paleocene, during the Clarkforkian and into 
the Wasatchian Land Mammal Age, several immigrant taxa made their first appearance in the North 
American fossil record (Szalay and Li 1986, Krause and Maas 1990, Beard and Dawson 1999, Bowden et 
al. 2002). These “modern” groups included early representatives of mammalian clades that are extant 
today, including Rodentia, Artiodactyla, Perissodactyla and Euprimates (Rose 1981). By the early Eocene 
at least 15 of the 19 modern orders of mammals had made their first appearances in North America (Maas 
and Krause 1994). Following the arrival of the modern mammals, the archaic mammals saw a decline in 
abundance to the eventual point of extinction (Van Valen and Sloan 1966, Krause 1986, Maas and Krause 
1988). The extinction of archaic mammals has often been attributed to climate and/or biotic interactions 
(e.g., predation, competition) with modern mammals (Krause 1986, Maas and Krause 1988, Alroy et al. 
2000, Gingerich 2006, Woodburne et al. 2009).  
Maas and Krause (1994) described the ecological structure of Paleocene communities leading up 
to and during the turnover event. The authors proposed two general hypotheses: a null hypothesis of 
faunal turnover being unaffected by ecological factors and an alternative hypothesis of ecological factors 
influencing the faunal turnover. To distinguish between biotic and abiotic ecological factors the authors 
employed the “bloc treatment” model of Valentine and Walker (1987).  Biotic effects should be evident in 
a change in community composition but not structure. The displacement or replacement caused by biotic 
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interactions, such as competition or predation, should lead to previously occupied niches being occupied 
by ecologically similar species with little or no time between them. Physical factors, such as climate, may 
change the niches present in an ecosystem resulting in a change in structure. So, changes in community 
composition without changes in structure are interpreted as biotically driven turnover while changes in 
composition with structure would suggest physically driven turnover. 
For 17 faunal zones within the Paleocene and earliest Eocene, Maas and Krause (1994) compared 
turnover rates against the ecological composition, defined as trophic structure and body size distribution, 
of communities to determine if changes in the taxonomic composition were influenced by ecological 
changes. They were unable to find a relationship between faunal turnover and changes in ecological 
composition all faunal zones except for during the early Paleocene (Puercan-0) and late Paleocene 
(Tiffanian 5 – Clarkforkian 2). They attributed the early Paleocene shift to be a result of radiation of 
archaic mammals, while the shift in the late Paleocene was likely a result of a combination of biotic and 
abiotic causes. However, Maas and Krause felt that the climate data of the time was inadequate for tests 
of the relationship between shifts in climate and community structure.  
In the last 20 years significant improvements in climate data (e.g., Zachos et al. 2001) allow for 
more precise comparisons in between climatic and community shifts. Understanding how the climate is 
changing relates to environmental changes. Floral records indicate that the warm Paleocene was resulted 
in a dense forest over North America (Janis 1993). The cooling during the middle and late Eocene led to 
shift towards opening habitats (Wing 1987, Janis 1993, Woodburne et al 2009). By comparing climate 
over time we are able to infer shifts in the environment and thus shifts in habitats. Additionally, the 
improvements in the temporal resolution of the mammalian fossil record allow for finer tests of changes 
in communities than faunal zones (Alroy et al. 2000). We expanded upon Maas and Krause’s 1994 study 
by incorporating new climate data, finer scale species temporal ranges, and by testing the stability of the 
Eocene. Maas and Krause’s 1994 study of community structure spans the earliest Paleocene to the earliest 
Eocene, shortly after the arrival of the modern immigrants. By expanding into the rest of the Eocene we 
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are able to determine if the ecological composition or community structure gradually changed after the 
arrival of modern mammals and if abiotic and or biotic factors played a role.  
 In order to test the effects of faunal turnover in mammalian communities we must first define 
what community structure is. We defined community structure similarly to Maas and Krause (1994) by 
using ecomorphological composition of a community but differ in that we focus purely on body mass. 
Numerous researchers have stressed the importance of body mass as an indicator of a species’ ecology 
(e.g. Wilson 1975, Maas and Krause 1988, Damuth and McFadden 1990). As body mass is a easily 
quantifiable ecomorphological trait, the distribution of body masses among constituent members of a 
community frequently is used to describe community structure (e.g. Maas and Krause 1994, Morgan et al. 
1995, Alroy et al. 2000, Rodriguez et al. 2004). Each species body mass is representative of its niche. By 
using a distribution of body masses we are estimating the distribution of niches present in a community. 
As a body mass distribution shifts the niches in that community shift indicating a shift in the community 
structure. 
 Our study seeks to build off of the work of Maas and Krause (1994) by incorporating this new 
method of maximum likelihood model fitting (Handley et al. 2009) to assess how communities were 
affected by the turnover. Similarly to Maas and Krause, the null hypothesis predicts that shifts in 
community structure are random with respect to abiotic and biotic shifts. The alternative hypothesis 
however, predicts that timing of shifts in community structure occur near shifts in ecological factors, such 
as taxonomic composition and/or climate. Additionally, we are testing the two extreme hypotheses put 
forth by Handley et al. (2009); either there is one common body masses distribution shared between all of 
the intervals or the distribution of body masses is consistently changing between each interval. Maas and 
Krause were able to reject Handley et al (2009)’s extreme hypotheses for the Paleocene but did not test 
the Eocene. We included the Eocene in our study to determine how the turnover affected communities. A 
continuous shared body mass distribution during the Eocene would indicate that that the immigration 
caused a sudden one time shift. Continually changing body mass distributions during the Eocene would 
suggest a much more gradual effect from the immigration of modern mammals.  
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Methods 
Resampling and all subsequent analyses were carried out in the software R (version 3.1.0). 
Taxonomic and Stratigraphic Data 
The stratigraphic ranges for all North American mammalian species with occurrences between 65 
and 34 Ma were determined using occurrences downloaded from the Paleobiology Database 
(http://paleobiodb.org) on June 10
th
, 2014. Because Paleobiology Database collection ages are not known 
without error, we accounted for this uncertainty by performing 1000 pseudoreplicates of all analyses 
described below. In each pseudoreplicate, we randomly drew each collection age from uniform 
distribution defined by its maximum and minimum age estimates. We then determined stratigraphic range 
of each species using their respective first and last occurrences, and assumed they ranged through. 
Body Mass Estimation 
A dataset of dental measurements was compiled for 1220 species of terrestrial mammals from the 
Paleocene and Eocene. Length and width measurements for upper and lower premolar and molar teeth 
were collected for 1035 species from the literature. The literature measurements were supplemented with 
novel measurements from specimens from the American Museum of Natural History (New York) and the 
Field Museum of Natural History (Chicago). Digital photographs were taken of 822 specimens of 185 
species and then measured using the image processing software ImageJ (version 1.46r). The length and 
width of each tooth was then multiplied to estimate its occlusal area.  
Lower first molar occlusal area (m1) was not available for 298 species. We estimated lower m1 
area for 85 species for which no m1 could be found, but for which other measurements were available 
using the following procedure. For any such species, we identified the other species in the same family 
with both m1 area and measurements the species was not missing. When familial assignment was 
uncertain for a species missing m1 area, we used species from the same order. Using the data from these 
other species, we performed separate linear regression of their m1 area values on their values of the non-
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missing premolar and molar measurements. Finally, we used these regression coefficients to estimate m1 
area for those species without m1 measurements. 
We estimated body mass using published regression equations with m1 area (Legendre 1986). We 
used order-specific regression equations to estimate body mass for Insectivora, Chiroptera, Carnivora, 
Primates, Rodentia, Artiodactyla, and Perissodactyla. The “all mammals” regression was applied to 
species from other orders. 
 For 213 species for which no dental measurements could be obtained, we estimated body mass as 
the mean of other species in the same genus. We estimated body masses of such species in monotypic 
genera as the mean of the other species in the same family. Body mass can vary greatly among genera and 
families, so we do not consider the absolute value of such estimates to be precise, but the use of these 
estimates to assign such species to body mass classes (see below) is undoubtedly more reliable. 
Ultimately, our data set includes body mass estimates for 1440 of the 1518 (>94%) North American 
mammal species known from the Paleocene and Eocene. 
Temporal Interval and Characterizing Communities 
We examined an interval from 65Ma to 34 Ma, spanning the Paleocene and the Eocene. We 
divided this interval into 31 bins of uniform one-million-year duration. Uniform intervals were used as 
opposed to North American Land Mammal Ages or faunal zones as they allow for standardized 
comparisons. Alroy et al. (2000) claimed the maximum temporal resolution the mammalian fossil record 
would allow or the finest detail that species ages could be determined to was slightly less than 1 million 
years. To be able to detect shifts at the finest scale possible thus allowing for the most accurate timing the 
bin size was chosen to be 1 million years. Constituent species of each bin were determined using their 
stratigraphic ranges (see above), and from these, we tallied the number of species within each mammalian 
family from each interval.  
We characterized the body mass distributions of each interval by placing each species into one of 
seven body mass classes, which were based on those used by Rodriguez et al. (2004). The boundaries of 
each class used are: <1 kg, 1-5 kg, 5-10 kg, 10-45 kg, 45-360 kg, 360-1000 kg, and >1000 kg. These 
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classes more finely subdivided the range of mammalian body masses than those used by Maas and Krause 
(1994) (<0.5, 0.5-8, >8 kg). Using an increased number of body size classes allows for the detection of 
more subtle shifts in finer ecological groupings. 
Testing Shifts in Community Composition and Body Mass Distributions 
We used the maximum likelihood model fitting approach proposed by Handley et al (2009) to 
probabilistically test for intervals in which the distribution of body masses changed, also known as a 
change point. The application of the method is described here but a detailed description of the method can 
be found in Handley et al. (2009). 
For the 10,000 resampling events of species ages the members of each interval and number of 
species in each body mass class were recorded. This led to 10,000 body mass distributions that are not 
necessarily unique. For each interval the median body mass distribution of the 10,000 distributions was 
taken to represent that interval. If two temporally adjacent intervals shared a common distribution of body 
masses then the community is in stasis through those intervals. If those two intervals have different body 
mass distributions, then there is a change point in the community structure between the two intervals. 
Tests of shifts in community structure were conducted over the Paleocene and Eocene 
communities. Models were fitted for every possible combination of stasis and change points for the 31 
intervals and evaluated using Akaike Information Criterion corrected for small samples (AICC). The 
lowest AICC score indicates the best supported model (i.e. the best supported periods of stasis and change 
points over the course of the Paleocene and Eocene). Ranking models with likelihood allows for a 
probabilistic test of community structure that provides the optimum position of change points in the 
community structure of the Paleocene and the Eocene. 
 We applied on-metric multidimensional scaling (NMDS) to the taxonomic composition and body 
mass distributions of the Paleocene and Eocene to visually examine the similarity among intervals. 
Similar intervals will plot closer to each other than dissimilar intervals. 
In order to confirm the change points placed by model fitting, we tested the similarity of the body 
mass distribution of newly originating species (i.e., species with first occurrences within an interval) 
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against that of all species in the previous interval using non-parametric statistics. Specifically, we tested 
whether newly originating species were significantly larger or smaller than those in the previous interval 
using the Mann-Whitney (MW) U-tests to determine if the mean ranks of the distributions differ and 
using Kolmogorov–Smirnov (KS) tests to see if the distributions themselves differ. Both tests were used 
to independently evaluate the significance of change points. 
Climate and Taxonomic Stability  
 We also applied the probabilistic test of model likelihood to climate and the taxonomic 
composition of the Paleocene and Eocene. We used previously published stable oxygen isotope ratios of 
benthic foraminifera (Zachos et al. 2001) as a proxy for global climate. Previous studies have discussed 
the relevance of temperature in archaic-modern turnover (Gingerich 2006). For each of the 31 intervals of 
the Paleocene and Eocene the distribution of oxygen isotopes was determined. Just as with community 
structure, we fitted a model for every possible change point and periods of stasis to the Paleocene and 
Eocene oxygen isotope distributions and selected the optimal model using the lowest AICC scores.  
 Model ranking was also applied to determine the timing of change points in taxonomic 
composition. To represent the taxonomic composition of an interval a distribution of the number of 
species in each family was determined for that interval. Again, models for every period of stasis and 
change point were fitted to the distributions of species per family. The optimum model of change points 
and periods of stasis was chosen based on the lowest AICC score. 
 
Results 
Body Mass 
 The distribution of body masses changes five times over the Paleocene and Eocene (Figure 1.1). 
The first change point occurs near the boundary of the Puercan and Torrejonian at 63 Ma.  The second 
change in the distribution of body masses occurs in the late Paleocene slightly before the Clarkforkian at 
57 Ma. The third change point takes place during the transition from the Wasatchian to the Bridgerian at 
50 Ma. After that the body mass distribution shifts again at the beginning of the Uintan (46 Ma). Lastly, 
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there is a change point in the distribution at the beginning of the Duchesnean at 40 Ma. Between these 
change points are periods of stasis where the distributions of body masses are statistically 
indistinguishable.  
 Applying NMDS to the body mass distributions of the Paleocene and Eocene shows increasing 
body masses over time (Figure 1.2).  The X axis of the NMDS plot (NMDS1) represents size as smaller 
body masses load positively and larger body masses have more negative loadings (Table 1.1). The age of 
intervals plotted chronologically with positive values for archaic fauna and negative values for modern 
fauna indicating an increase in body mass as communities move from archaic to modern. The Y axis 
(NMDS2) seems to represent distance from the smaller body class. The more negative the NMDS2 value 
the more members were placed in the largest class (> 1000 kg) while positive values seem to support 
more members in the second largest class (360-1000 kg). 
For the majority of the Paleocene and Eocene species body mass increases. Decreases in median 
body mass were observed between the Puercan and Torrejonian stages (between 63.5 and 62.5 Ma), at the 
start of the Wasatchian (between 55.5 and 54.5 Ma), and at the beginning of the Duchesnean (between 
40.5 and 39.5 Ma).  
 The MW and KS tests mostly support the placement of the change points in community structure. 
Both tests show a high number of replicate analyses with significant discrepancy between the body mass 
distribution of new members and the distribution of the prior interval at 63 Ma and at each interval 
between 55- 51Ma (Figure 1.3, 1.4). The KS test also shows a significant change in body size distribution 
to occur at 46 Ma (Figure 1.5), but this is not seen using the MW test (Figure 1.6).  
Climate 
 The climate of the Paleocene and Eocene is divided into 8 separate distributions (Figure 1.1). 
There are no significant shifts in δ18O distributions during the Paleocene. As global temperature increases 
at the start of the Eocene, there is a change point at 56 Ma, during the transition from the Clarkforkian to 
the Wasatchian, where the temperature increases. Approximately 1 million years later there is another 
shift in the distribution of oxygen isotopes as temperature continues to increase.  The intervals from 55 
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Ma to 48 Ma, during the Wasatchian and beginning of the Bridgerian, group together into a similar 
climate regime. This regime contains the distinct episode of Eocene climate referred to as the Early 
Eocene Climate Optimum (EECO) (Woodburne et al. 2009). The EECO was followed by three change 
points during the Bridgerian, at 48, 47, and 46 Ma. These intervals take place during what is referred to as 
the Bridgerian Crash, a documented rapid decline in temperature (Woodburne et al. 2009). The 
Bridgerian Crash is followed by a period of stasis spanning five intervals that occur in the Uintan stage, 
which ends with a change point at 41 Ma. Following this change point temperature decreases over the 
next 3 million years until 38 Ma during the Duchesnean. At this point the climate enters the last period of 
stasis during the Eocene, before the rapid decrease in temperature that occurs at the Eocene/Oligocene 
boundary. 
Taxonomic Composition 
 The taxonomic composition statistically changes four times during the Paleocene and Eocene 
(Figure 1.1). The composition first changes during the Torrejonian at 62 Ma, after the early radiation of 
archaic mammals and high number of disappearances in the Puercan (Maas and Krause 1994). The next 
change point occurs with the arrival and radiation of modern mammals near the beginning of the 
Wasatchian at 56 Ma. After this point, species richness increases from approximately 150 species to >250 
species, the greatest taxonomic richness during the epochs studied. In the same period of stasis, the 
taxonomic richness declines as archaic taxa decrease in abundance. The decline in archaic taxa leads to a 
change point at 46 Ma, the start of the Uintan. The new taxonomic distribution spans six intervals shifting 
to the final distribution of the Eocene at 40 Ma, during the transition between the Uintan and Duchesnean. 
The final taxonomic distribution lasts the remained or the late Eocene. 
 The NMDS plot of the species present in each interval illustrated the four periods of stasis seen 
with the most likely model of stability (Figure 1.2). Positive NMDS1 values indicate a greater constituent 
of archaic taxa while negative values indicate more modern species.  
 
Discussion 
 10 
 
 In agreement with Maas and Krause (1994), we found the distribution of body masses to not be 
shared between all intervals in the Paleocene, but to also not be continuously changing. We also found 
that the Eocene does not have a single shared body size distribution or continuously changing 
distributions. For both the Paleocene and the Eocene, there are periods of stasis broken up by change 
points. 
 The placement of four out of the five change points in body mass distributions also all appear to 
be non-random occurring near changes in taxonomic composition. The fifth change point (50 Ma) that 
does not occur near a change point in taxonomic composition does occur near a decline in taxonomic 
richness. This allows us to reject the null hypothesis of shifts in the ecological composition of a 
community being random with respect to shifts in community composition and climate.  
 After rejecting the null hypothesis we evaluated the alternative hypothesis including the role of 
biotic and abiotic factors on the taxonomic composition of the Paleocene and Eocene. For each of the 
shifts in taxonomic composition there was a change point in community structure placed within one 
interval. The corresponding shifts in taxonomic composition with community structure suggest that there 
is not a one to one displacement or replacement of taxa at any composition change point. Instead, Maas 
and Krause (1994) argue that the changes in the distribution of body masses near changes in taxonomic 
composition indicate abiotic factors influencing niches. Due to advances in temporal resolution of climate 
data we are now able to test if climate shifts coincided with taxonomic composition shifts. 
 The first change in taxonomic composition during the early in the Torrejonian (62 Ma) does not 
coincide with a shift in climate. Instead it is believed that early archaic mammals radiated to fill empty 
niches after the K/Pg extinction (Maas and Krause 1994). The change point in community structure was 
placed one interval before at the end of the Puercan (63 Ma). It is worth noting that since we did not 
compare latest Cretaceous with early Paleocene communities we did not observe the shift in community 
structure at the start of the Puercan that Maas and Krause (1994) did. The position and distance between 
the Puercan (possibly including the earliest Torrejonian) intervals on the NMDS plot indicate the archaic 
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mammals increased in body size over time which we interpret as archaic mammals radiating to fill empty 
niches (Figure 1.2).  
After the initial radiation of archaic mammals during the Puercan Maas and Krause (1994) found 
that new communities were established and stable for the majority of the Paleocene. The change point at 
the end of the Puercan (63 Ma) followed by a period of stasis that lasted the majority of the Paleocene 
(until 57 Ma) confirms a single community after the Puercan (63 Ma). The tight clustering of the majority 
of the Paleocene intervals (63-57 Ma) in the NMDS structure plot also indicates each interval’s 
community structure is similar to that of the others (Figure 1.2). Throughout the majority of the Paleocene 
we did not find a statistical shift in temperature suggesting the physical factor (climate) was not 
influencing turnover. Instead, Paleocene communities were a result of an initial radiation during the 
Puercan followed by a period of stasis.  
 The period of stasis that spans the majority of the Paleocene ends near the 
Clarkforkian/Wasatchian boundary with the arrival of modern mammals. Maas and Krause (1994)’s 
observed shift in community structure between the Tiffanian and Clarkforkian is supported by the change 
point in community structure placed at 57 Ma. The timing coincides with the arrival of the first groups of 
modern mammals in North America. Again, this change point in community structure precedes a change 
point in the taxonomic composition by one interval. This implies that the arrival of the Clarkforkian 
modern mammals shifted the distribution of body masses but the small number of modern immigrant 
species was not sufficient significantly change in the taxonomic distribution. The taxonomic distribution 
does shift with the arrival of early Wasatchian immigrants. During the Clarkforkian and early Wasatchian 
the species richness dramatically increases during a radiation of modern immigrants from approximately 
150 to over 250 species per interval. The Tiffanian/Clarkforkian change point in community structure (57 
Ma) also precedes the first shift in climate by one interval. Maas and Krause (1994) found paleoclimate 
data inadequate to determine the timing of climate shifts in relation to shifts in community structure. With 
more recent climate data, we have found that timing of shifts in climate and taxonomic richness coincide. 
As the shift in community structure occurs near both climate and taxonomic composition change points it 
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supports climate acting as the physical factor influencing community structure. Previous studies have 
hypothesized the warming climates that occurred during the Paleocene Eocene Thermal Maximum and 
after facilitated the dispersal of modern mammals (Gingerich 2003, Woodburne et al. 2009). Others have 
argued for the warming climates causing an increase in broad leafed forests, a habitat shift (Wing 1987). 
It is likely that the shifting environment coupled with the immigration of modern mammals led to changes 
in the body mass distribution that occurred at the Clarkforkian/Tiffanian boundary (57 Ma). The NMDS 
plot illustrates the dissimilarity between Paleocene and Eocene body mass distributions. Each subsequent 
grouping of Eocene intervals contains a higher portion of larger sized mammals than the last (Figure 1.2).  
 The Mann-Whitney and Kolmogorov–Smirnov tests found the intervals during the middle and 
late Wasatchian, between 55-51 Ma, to be significantly different from each other (Figure 1.5, 1.6). This 
suggests that a change point could be placed between these intervals but there was no an optimum place 
for it. This indicates a more gradual change in community structure.  
 The third change in community structure occurred at the end of the Wasatchian (50 Ma), is the 
only change point to not coincide with or near a shift in the taxonomic composition or climate. This 
change point may not actually represent a shift in community structure but rather the optimum placement 
of a change point over a gradual change. The Mann-Whitney and Kolmogorov–Smirnov tests reveal that 
the intervals before and after 50 Ma were not significantly different. There may have been a gradual shift 
during the Wasatchian (~57 – 50 Ma) and Bridgerian (~50 – 46 Ma) towards larger body sizes. The 
distribution at the start would be different than the distribution at the end, and so a change point would 
need to be placed. However the placement of this change point may not reflect a realistic immediate shift 
in community structure but instead a necessity of the method to break up a gradually changing 
community. 
 At the start of the Uintan, 46 Ma, there is a change point in climate, taxonomic composition, and 
community structure. This shift takes place after cooling of the middle Eocene referred to as the 
Bridgerian Crash. The simultaneous shift in taxonomic composition and community structure suggests a 
physical factor affecting the taxonomic turnover according to Maas and Krause (1994). The coinciding 
 13 
 
shift in temperature supports a physical factor affecting the community composition. The declining 
temperatures of the Bridgerian led to environmental and habitat shifts through lowering stature of flora 
and opening habitats (Wing 1987) which in turn favored larger, more cursorial species (Novacek 1999).  
 The last shift in community structure (Duchesnean, 40 Ma) takes place simultaneously with a 
shift in taxonomic composition. Again, this supports the abiotic environment affecting the community 
composition. Both the Mann-Whitney and Kolmogorov–Smirnov test did not find a significant shift to 
occur at 40 Ma. This may again be evidence of the maximum likelihood model fitting placing a change 
point at the optimum placement within a gradual change in community structure. Novacek (1999) found 
that in the late Eocene (after 40 Ma) the climate continues to cool leading to more open habitats and an 
increase in the proportion of larger sized mammals.  
Conclusion 
 Using model fitting to test for shifts in the community structure it appears that there were likely 
five periods of taxonomic stasis in the Paleocene and Eocene. This rejects the hypotheses that there was 
one distribution of body masses or that the structure was consistently changing. Each of the shifts in 
taxonomic composition occurs near a change in community structure allowing us to reject the null 
hypothesis of random shifts in turnover with respect to ecological factors. As change points in body size 
distribution occur near those of taxonomic composition we can infer physical factors such as climate play 
a larger role in influencing the turnover. The coinciding shifts in climate at all but one of the taxonomic 
composition change points support the influence of changing environment on community structure. The 
taxonomic change point without a coinciding change in climate suggests it is a result of early archaic 
mammals radiating. 
In addition to finding support for abiotic influences in the taxonomic turnover throughout the 
Eocene we also found support for a more gradual transition from archaic to modern dominated 
communities. The Mann-Whitney and Kolmogorov-Smirnov tests indicate that the change points that 
border the Wasatchian may have been sliding optima, suggesting a more gradual turnover.  
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Figure 1.1:  
Top: Climate Stability in the Paleocene and Eocene. Zachos et al. (2001) deep sea core oxygen isotope 
data shown in dark blue dots. Light blue dots within horizontal dark blue line represents the median 
oxygen isotope for each interval. Dark blue envelope is the 50% confidance interval. Light blue envelope 
is the 95% confidence interval. Vertical blue lines represent change points between periods of stasis. Y 
axis is log body mass and X axis is time. 
Middle: Taxonomic Stability in the Paleocene and Eocene. Each color represents a family. The thickness 
of each band of color is representative of the number of species within that family. Vertival green lines 
represent change points between periods of stasis. Y axis is log body mass and X axis is time. 
Bottom: Structure Stability in the Paleocene and Eocene. Red dots within yellow borders represents the 
median body mass for each interval. Dark red envelope is the 50% confidance interval. Light red 
envelope is the 95% confidence interval. Vertical red lines represent change points between periods of 
stasis. Horizontal red lines indicate the stratigraphic ranges of species. Y axis is log body mass (kg) and X 
axis is time (Ma). 
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Figure 1.2:  
Top: Non-Metric Multidimensional Scaling Plot of Taxonomic Composition. Points indicate species per 
family distribution for an interval (color coded temporal unit of each interval noted in the legend). 
NMDS1 represents shared families between intervals over time with more negative values indicating 
more recent intervals. NMDS2 represents distance from median interval. 
Bottom: Non-Metric Multidimensional Scaling Plot of Community Structure. Points indicate body mass 
distribution for an interval (color coded temporal unit of each interval noted in the legend). NMDS1 
represents size with more negative value indicating a higher number of large bodied mammals and 
positive values indicating a higher number of smaller bodied mammals. Negative NMDS2 values 
represent high numbers of the largest size class (>1000 kg) while positive values represent higher 
numbers within the second largest class (360-1000 kg). 
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 Size Classes NMDS1 NMDS2 
<1kg 0.201 0.005 
1 – 5 kg 0.131 0.038 
5-10 kg 0.035 0.033 
10-45 kg 0.078 -0.094 
45-360 kg 0.034 0.024 
360-1000 kg -0.371 0.102 
>1000 kg -0.575 -0.203 
 
Table 1.1:  
Loadings of NMDS Plot of Community Structure. The first column shows the size classes used. The 
second and third columns show the loadings of the first and second axis respectively. 
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Figure 1.3:  
Mann-Whitney U-test of Body Mass Distribution. Mann-Whitney U-test comparing originating members 
body mass distribution to the body mass distribution of the previous interval. Circles show the number of 
replicate analyses per interval with a significant difference between the distributions. 
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Figure 1.4:  
Kolmogorov–Smirnov Test of Body Mass Distribution. Kolmogorov-Smirnov test comparing originating 
members body mass distribution to the body mass distribution of the previous interval. Circles show the 
number of replicate analyses per interval with a significant difference between the distributions. 
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Figure 1.5:  
P-Values of Kolmogorov-Smirnov test of Body Mass Distribution. Dashed line represents 0.05 p-values. 
Points represent p-value of each interval. Shaded envelope represents 95% confidence interval for p-
values. Points below the dashed line represent the distribution of new members in an interval is 
significantly different from the prior intervals distribution. 
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Figure 1.6:  
P-Values of Mann-Whitney U-test of Body Mass Distribution. Dashed line represents 0.05 p-values. 
Points represent p-value of each interval. Shaded envelope represents 95% confidence interval for p-
values. Points below the dashed line represent the distribution of new members in an interval is 
significantly different from the prior intervals distribution. 
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Chapter 2: Testing Mechanisms of Body Mass Trends  
In North American Plesiadapiformes (Mammalia: Primates) 
 
Introduction 
Plesiadapiformes are a paraphyletic group of extinct primates that lived in North America, 
Europe, Asia, and possibly Africa during the Paleocene and Eocene (Silcox 2001 and Tabuce
 
et al. 2004). 
As one of the most abundant and diverse groups they are often thought of as a characteristic 
representative of North American mammalian communities in the Paleocene (Maas and Krause 1988, 
Alroy 1996, and Gunnell 1998, Gingerich 2003). Their extinction has been attributed to the changing 
climate (Gingerich 1976, Gunnell 1986) of the late Paleocene and early Eocene as well as the arrival of 
competitors from Asia. Proposed competitors include rodents (e.g. Barth 1950, Van Valen and Sloan 
1966, Napier and Napier 1985, Maas
 
et al.
 
1988, Krause and Maas 1990), euprimates (e.g. Szalay 1972, 
Szalay and Delson 1079, Gunnell 1986, Szalay and Li 1986), and bats (Sussman and Raven 1978). As 
one of the most diverse and prolific groups of North American Paleocene mammals their eventual 
extinction is a major part of the turnover that occurred at the Paleocene and Eocene boundary. 
Maas et al. (1988) is one of the only studies to empirically identify and test the plausibility of the 
cause(s) behind the extinction of plesiadapiformes using dental information. The authors did not find 
convincing evidence for climate as a cause behind the decline of plesiadapiformes. Maas et al. (1988) did 
however find support for competition being a driving force behind their extinction. They argued 
competition would result from niche overlap and used four parameters to assess overlap: substrate 
preference and locomotion, diel activity patterns, diet, and body mass. Maas et al. (1988) stressed the 
importance of body mass stating it “is perhaps the single most important measure of ecological similarity 
available in the mammalian fossil record”. Others have also stressed the importance of body mass as an 
indicator of a number of aspects of an organism’s ecological role, such as diet, growth rate, and home 
range size
 
(e.g. Wilson 1975, Peters 1986, Damuth and MacFadden 1990). Despite body mass being a 
valuable measure of plesiadapiformes ecological role as well as a being a criterion used for evaluating 
causes behind their extinction there has been few studies have focused the evolution of body size in 
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Plesiadapiformes, and the potential role competition played. One of the only studies of trends in 
plesiadapiformes body mass evolution was conducted by Christophe Soligo in 2006. Soligo identified a 
significant trend toward increasing body mass in plesiadapiformes. He argued that temperature was not a 
cause behind the trend on the basis that the trend was unaffected by fluctuations in temperature. However, 
he did not address the potential biotic mechanisms behind it, such as competition. Three potential 
mechanisms behind plesiadapiformes body size evolution are examined within this study: the differential 
origination of large bodied and/or extinction of small bodied plesiadapiformes, shifts in the rate of body 
size evolution, and the mode of evolution. 
An increasing trend in the median body mass could be caused by the extinction rate of small-
bodied plesiadapiformes leaving larger species or an increase in the origination rate of large-bodied 
species. If the arrival of competitors influences the body mass of plesiadapiformes then there should be 
differential extinction and origination of body masses after their first appearances in the fossil record. 
Groups in direct competition with rodents are expected to have different evolutionary dynamics 
than groups not hypothesized to be in competition as they are under different evolutionary pressures. 
Maas et al. (1988) suggests that the superfamily Plesiadapoidea is specifically competing against rodents. 
If this is true then their rate and or mode of evolution should differ from Microsyopoidea, who were not 
argued to be in competition with rodents.  
If competition was influencing body size evolution then we would expect there to be directional 
selection. Based off the previously identified trend towards increasing body size we would expect there to 
be selection for larger body sizes. 
The goals of this study are to understand the impact the arrival of competitors had on the 
increasing trend in plesiadapiformes body mass evolution Soligo (2006) noted. This will be accomplished 
in three ways: (1) examining the trend in body mass over time for changes coincident with the arrival of 
competitors and determining if it is caused by higher origination or extinction of body sizes, (2) 
determining if the evolutionary rate is different between the two plesiadapiformes superfamilies, 
Plesiadapoidea and Microsyopoidea, (3) determining whether the trend towards increasing body mass was 
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biased or unbiased (i.e. is the increasing trend a result of selection for larger body masses?), and if the 
mode of evolution differs between Microsyopoidea and Plesiadapoidea. By testing the timing, rates, and 
mode of evolution this study aims to quantitatively assess the impact immigrant competitors had on 
plesiadapiformes body mass. 
 
Methods 
All calculations and analyses were carried out in the software R (version 3.1.0). 
Estimating Body Mass 
Body mass was estimated using the occlusal area of available upper and lower premolars and 
molars of 113 North American Plesiadapiformes species.  Length (anterior-posterior diameter) and width 
(transverse diameter) measurements for 113 of 118 North American species were obtained from the 
literature. Additionally, length and width measurements were made in ImageJ (version 1.46r) of three 
specimens (two of Microsyops scottianus and one of Plesiadapis dubius) occlusal views photographed at 
the Field Museum of Natural History (FMNH) and the American Museum of Natural History (AMNH). 
This was done three times for each tooth then averaged for a single length and width measurement per 
tooth of each museum specimen. Next, the average length and width of each tooth was determined of 
each species within the data set for the all of the specimens. Length and widths were multiplied to 
estimate the occlusal area for each tooth. These areas were then log-transformed, and body mass 
estimated using the primate-specific regression equations for each tooth from Gingerich et al. (1982). 
Because the strength of correlations between occlusal area and body mass varies among the different 
teeth, we used a maximum likelihood approach to use all teeth simultaneously to generate an optimal 
body mass estimate. For any arbitrary body mass estimate of a single species, we determined the 
probability density of that estimate from a normal distribution with mean and standard deviation 
determined directly from the regression equations of Gingerich et al (1982). We then calculated the total 
likelihood of that body mass estimate as the product of the probability densities of all teeth for which 
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measurements were available. The body mass with the maximum likelihood was selected as the optimal 
for that species.  
Species Ages 
 The stratigraphic ranges for each species were determined using their first and last occurrences 
downloaded from the Paleobiology Database (http://paleobiodb.org) on June 10
th
, 2014. For each of the 
pseudoreplicate analyses used to determine the body mass as well as the rate and mode of evolution each 
species ages were randomly resampled from the between the minimum and maximum timing of their first 
and last occurrence. Random resampling was done to resolve any uncertainty in the timing of their first 
and last occurrence.  
Constructing Phylogeny 
 A composite phylogeny was assembled based on 31 trees found in the literature (Figure 2.1) (see 
appendix for phylogenetic sources). When determining the relationships between taxa, preference was 
given to more recent publications to ensure the most current relationships were used. The phylogeny was 
assembled manually using the software Mesquite (version 2.75, build 584). Any uncertainties or 
discrepancies in the relationships among the published trees were collapsed into polytomies. 
Differential Origination and Extinction of Body Masses 
The first fifteen million years of the Cenozoic (65-50 Ma) were divided into one million year 
intervals. The length of the intervals used was chosen as their absolute chronology and equal duration 
allow for standardized comparisons. Species were counted as a taxonomic member of an interval if at 
least any part of the species stratigraphic range fell within the interval. Over the course of 1000 
pseudoreplicate analyses the taxonomic members of each interval were resampled to account for any 
uncertainty in species ages. During the pseudoreplicate analyses the median body mass were determined 
for each interval. The median body mass was also determined for species that first originated in an 
interval and those that had gone extinct from the previous interval.  
Rate Shifts in Body Mass Evolution 
 25 
 
 The rate of body mass evolution was tested over the course of 100 pseudoreplicate analyses. For 
each analysis polytomies were randomly resolved and the tree was dated using species ages. The null 
hypothesis of a single rate of evolution vs. multiple shifts in the rate of evolution was statistically tested at 
each node on the tree. The rate of evolution prior to and after each node was compared to determine if 
there was a shift and if so, if the rate increased or decreased. The number analyses in which a statistically 
significant rate shift occurred at a particular node were then totaled for that node. Phylogenetic analyses 
were conducted using the Phytools and Ape packages in R. 
Mode of Evolution 
For 1000 pseudoreplicate analyses two different models of evolution, Brownian Motion (BM) 
and drift, were tested across the entire phylogeny. The BM model corresponds to unbiased evolution 
where increases and decreases in body mass are equally likely whereas the drift model corresponds to 
biased evolution where there is persistent directional selection acting on body mass evolution. Corrected 
Akaike information criterion (AICC) values were obtained for both models for each analysis to determine 
the best fit model of evolution. Analyses of the mode of evolution were carried out for Plesiadapiformes 
as a whole, and the superfamilies Plesiadapoidea and Microsyopoidea. Pseudoreplicate analyses were 
carried out using the Geiger package in R. 
 
Results 
Differential Origination and Extinction of Body Masses 
The previously observed trend towards increasing body mass is confirmed for plesiadapiformes 
as a whole using this dataset (Figure 2.2). Over the entire time studied the median body mass of all 
plesiadapiform species within an interval increases from 287 to 678 g (Table 2.1). There is an initial 
decrease from 65 to 62.5 Ma, in which median body mass declines slightly from 287 to 212 g. During this 
time the originating members’ median body masses are smaller than those of members lost from the 
previous intervals or the members that have gone extinct (Table 2.1). Body mass subsequently increases 
from 212 to 544 g between 61.5 through 57.5 Ma, more than doubling in four million years. This increase 
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is caused by an increase in the median body mass of originating members from 248 to 479 g and a slight 
decrease in the median body mass of extinct species. During the late Paleocene and early Eocene (57.5 - 
54.5 Ma) there is a decrease in median body mass from 544 to 407 g. At 56.5 Ma the median body masses 
of the lost members from the previous interval surpass the median body size of the originating members, 
increasing from 248 to 586. After 54.5 the next four intervals show an increasing median body mass 
leading to the maximum of the studied interval, 678 g. As median body mass increases during these four 
intervals the median body mass of the extinct members declines to 193 g, below the median body mass of 
originating members 408 g.  
Rates of body mass evolution  
 For each of the 100 pseudoreplicate analyses there was a statistically significant shift in the rate 
of evolution. Of the 100 pseudoreplicate analyses 87 show multiple shifts in the rate of evolution, with an 
average of 3.36 shifts per replicate analysis. Of the total rate shifts, 145 were increases in the evolutionary 
rate while 191 were decreases (Figure 2.3).  
The two superfamilies discussed by Maas et al. (1988) differed in their evolutionary rate shifts. 
The superfamily Plesiadapoidea, with the exception of Plesiolestes nacimienti, shows decreases for 99 
pseudoreplicate analyses and increases for 15. The superfamily Microsyopoidea, however, is less uniform 
with different sub-groups showing both rate increases and descreases. Within the subfamilies 
Mycrosyopinae and Uintasoricinae there are increases for 78 pseudoreplicate analyses in the rate of body 
mass evolution spread over 4 internal nodes and decreases for 7 between two nodes. The subfamily 
Micromomyinae show a decrease in the rate of body mass evolution for 75 pseudoreplicate analyses. 
Mode of Evolution 
BM was the best-supported model for body mass evolution in plesiadapiformes. For 898 of the 
1000 pseudoreplicate analyses BM had a lower AICC score than drift. Drift AICC scores were subtracted 
from BM AICC scores to visualize the support for each model (Figure 2.4). Negative values indicate 
lower AICC scores for BM which indicates BM being the best supported model. Positive values on the 
other hand indicate that the drift AICC score is lower and thus it is the best supported model. 
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For Microsyopoidea 999 pseudoreplicate analyses supported BM as the most likely mode of 
evolution (Figure 2.5). Plesiadapoidea had much stronger support for drift with 476 of the 1000 
pseudoreplicate analyses indicating it was the most likely mode of evolution (Figure 2.6). 
 
Discussion 
 Shifts in the differential extinction and origination of body masses coincide with changes in 
plesiadapiformes body masses. Initially the originating members are smaller than the lost members. 
During the radiation of species between the Puercan and Tiffanian (Maas et al. 1988) the median body 
mass of originating members begins to increase while the median body mass of lost members begins to 
decline. After 61 Ma the originating species become larger than the species going extinct leading to an 
increase in body mass. Soligo (2006) believed the increasing trend in plesiadapiformes may have been 
caused by a rearrangement of niches following the K/Pg extinction. While the Puercan/Tiffanian radiation 
takes place several million years after the K/Pg extinction it is coincident with the community 
restructuring of Paleocene mammals proposed by Maas and Krause (1994). The increase in large sized 
species raising the median body size was possibly a result of this community restructuring. Between 61 
and 60 Ma the median body mass of originating species reaches 473.62 g and is relatively stable over the 
remainder of the time studied. This indicates the arrival of modern competitors such as rodents did not 
affect the body masses of originating species.  
 Between 58 and 57 Ma, near the beginning of the Clarkforkian (56.8 Ma), the trend in 
plesiadapiformes body mass shifted from increasing to decreasing. This shift occurs with the arrival of 
rodent competitors, which first appear during the Clarkforkian (Maas et al. 1988). The timing of the shift 
also predates the other hypothesized causes behind plesiadapiformes extinction, the climate shift at the 
Paleocene Eocene Thermal Maximum and the arrival of euprimates. During this time the size of species 
going extinct begins to increase.  Between 57 and 55 Ma the median body masses of species going extinct 
more than doubles, increases from 247.6 to 586.14 g. The rapid increase in the median body mass of 
species going extinct corresponds with the arrival of rodents. The decrease in body mass near the arrival 
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of modern competitors was a result of an extinction of larger body sizes and not an increase in the 
origination of smaller sizes. Though it is not conclusive evidence for rodents causing a shift in the trend, 
the timing is consistent with competition influencing the mass of species going extinct rather than the 
mass of originating species.  
 Within Plaesiadapiformes the two superfamilies show differences in their evolutionary dynamics. 
The group Maas et al (1988) argues to be in direct competition with rodents, Plesiadapoidea, experienced 
the most support for a decrease in their evolutionary rate (99 pseudoreplicate analyses). The high number 
of pseudoreplicates showing decreases at the root of the tree suggests that all Plesiadapoidea faced a 
similar pressure. Competition with rodents may have decreased the rate of evolution across all 
Plesiadapoidea. 
Microsyopoidea do not show the same uniformity in their rate shifts. Instead, a high number of 
pseudoreplicates (78) show an increase in evolutionary rate within Mycrosyopinae and Uintasoricinae 
while a high number of pseudoreplicate analyses (75) show a decrease within Micromomyinae. The lack 
of a uniform rate shift across all Microsyopoidea indicates that they were not all facing the same 
evolutionary pressures. This supports the idea Plesiadapoidea and Microsyopoidea had different 
evolutionary dynamics. One possible reason for the difference in their evolutionary dynamics is 
Plesiadapoidea are hypothesized to be competing with rodents while Microsyopoidea are not. 
For all plesiadapiformes the best supported model was BM. BM indicates that plesiadapiformes 
as a whole underwent a random walk towards larger body masses. There were not an insignificant number 
of pseudoreplicate analyses (102) with drift as the best supported mode of evolution. Despite this, the 892 
pseudoreplicate analyses in support of BM suggest the increasing trend in body mass observed by Soligo 
(2006) was not a result of directional selection for larger body masses for plesiadapiformes as a group. 
When plesiadapiformes’ superfamilies are tested independently differences in their mode of evolution 
were found. There is strong support for BM being the mode of evolution for Microsyopoidea with 999 
pseudoreplicate analyses in support of it. For Pleisadapoidea the results are less clear with 476 
pseudoreplicate analyses supporting drift and 524 supporting BM. The higher support for the drift model 
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indicates a higher probability that Plesiadapoidea faced directional selection towards larger body sizes, 
possibly as a result of competition. Again, the differences in support for the mode of evolution between 
groups hypothesized to be competing against rodents and those not hypothesized to be competing is 
supportive of, though not conclusive evidence for, the arrival of rodents affecting body mas evolution. 
 
Conclusion 
 Prior to the arrival of competitors, plesiadapiformes show a trend towards increasing body 
masses. This increase was a result of an increase in the body mass of originating species. The arrival of 
rodents during the early Clarkforkian (~56 Ma) coincides with a shift towards decreasing median body 
mass. At this time the mass of species going extinct increases dramatically and surpasses the mass of 
originating species. Approximately two million years after the arrival of modern immigrants (~ 54 Ma) 
median body mass resumes an increasing trend as the mass of species going extinct decreases. The 
fluctuations in body mass near the arrival of rodents were a result of the size of species going extinct 
rather than changes in the mass of originating species. 
 The superfamily Maas et al. (1988) hypothesized to be in competition with rodents based on 
overlapping niches, Plesiadapoidea, shows different evolutionary dynamics than the superfamily not 
hypothesized to be competing, Microsyopoidea. Plesiadapoidea shows a high number of pseudoreplicate 
analyses with decreasing rates at the root of the group while Microsyopoidea is less uniform in their rate 
shifts suggesting Plesiadapoidea faced a single pressure while Microsyopoidea may have more 
complicated influences. The mode of evolution also differs between the superfamilies. Microsyopoidea 
has strong support for BM while Plesiadapoidea had nearly equal support for drift and BM. The higher 
support for drift indicates Plesiadapoidea may have faced more directional selection. 
 The effects of competition on plesiadapiformes body size are yet to be fully determined. What we 
have determined is body size decreases near their arrival due to extinction of larger species. Also, groups 
hypothesized to be in competition show different evolutionary dynamics than those not in competition. 
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Figures and Tables
 
Figure 2.1:  
Composite plesiadapiformes phylogeny. A strict consensus phylogeny assembled based off trees found in 
the literature. Node at the base of Microsyopoidea is circled in red and labeled. Node at the base of 
Plesiadapoidea is circled in blue and labeled. 
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Figure 2.2:  
Differential Extinction and Origination of Plesiadapiformes. Blue squares represent the median body 
mass of species making their first appearance in an interval. Red diamonds represent the median body 
size of species from the previous interval not found in the current interval. Green circles represent the 
median body mass per interval. Envelopes indicate the 95 % confidence interval with green indicating 
body size, red indicating the body size of extinct members, and blue indicating the body size of members 
that originated in an interval. 
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A 2.50% 50% 97.50% 
 
B New Members Lost Members 
51-50 Ma 387.61 678.58 1074.92 
 
51-50 Ma 408.09 192.57 
52-51 Ma 212.72 601.85 1032.77 
 
52-51 Ma 408.09 189.89 
53-52 Ma 151.41 502.70 772.78 
 
53-52 Ma 389.33 208.33 
54-53 Ma 131.63 487.85 735.10 
 
54-53 Ma 408.09 243.21 
55-54 Ma 144.03 407.48 720.54 
 
55-54 Ma 448.23 479.04 
56-55 Ma 177.68 441.42 671.83 
 
56-55 Ma 408.09 586.14 
57-56 Ma 432.68 528.48 651.97 
 
57-56 Ma 404.34 247.60 
58-57 Ma 284.29 544.57 699.24 
 
58-57 Ma 479.04 220.27 
59-58 Ma 204.38 459.44 678.58 
 
59-58 Ma 493.03 213.11 
60-59 Ma 179.47 304.90 632.70 
 
60-59 Ma 390.71 201.24 
61-60 Ma 172.43 232.76 507.76 
 
61-60 Ma 473.62 213.73 
62-61 Ma 154.47 212.72 391.51 
 
62-61 Ma 247.60 291.78 
63-62 Ma 154.47 212.72 290.03 
 
63-62 Ma 200.52 268.71 
64-63 Ma 154.47 275.89 419.89 
 
64-63 Ma 227.59 268.71 
65-64 Ma 204.38 287.15 407.48 
 
      
 
 
 
Table 2.1:  
A: For each interval the estimated median body masses as well as the upper and lower limits of the 95% 
confidence interval are shown to the nearest tenth.  
B: For each interval the estimated median body mass is given for species that originated in an interval, 
referred to as “New Members”, and species that had gone extinct since the previous interval, referred to 
as “Lost Members”.  
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Figure 2.3:  
Phylogeny of Plesiadapiformes. Composite phylogeny of plesiadapiformes based on trees drawn from the 
literature. Boxes on nodes indicate a shift in the evolutionary rate of body mass with red representing an 
increase and blue representing a decrease. The number within each rectangle indicates the number of 
pseudoreplicate analyses out of 100 for which a rate shift was determined to be at that node.  
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Plesiolestes wilsoni
Plesiolestes problematicus
Pandemonium dis
Draconodus apertus
Zanycteris paleocenus
Picrodus silberlingi
Picrodus lepidus
Picrodus canpacius
Picrodus calgariensis
Saxonella naylori
Pronothodectes gaoi
Pronothodectes matthewi
Pronothodectes jepi
Nannodectes gazini
Nannodectes simpsoni
Nannodectes intermedius
Nannodectes gidleyi
Plesiadapis anceps
Plesiadapis praecursor
Chiromyoides caesor
Chiromyoides major
Chiromyoides minor
Chiromyoides potior
Plesiadapis rex
Plesiadapis churchilli
Plesiadapis gingerichi
Plesiadapis simonsi
Plesiadapis cookei
Plesiadapis dubius
Plesiadapis fodinatus
Elphidotarsius florencae
Elphidotarsius wightoni
Elphidotarsius shotgunensis
Elphidotarsius russelli
Carpodaptes hazelae
Carpodaptes stonleyi
Carpocristes cygneus
Carpocristes hobackensis
Carpodaptes aulacodon
Carpomegodon jepseni
Carpolestes dubius
Carpolestes nigridens
Carpolestes simpsoni
15
29
99
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7
38
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5
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1
75
4
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Figure 2.4:  
Differences in Mode Support for Plesiadapiformes. The histogram shows the distribution among 1000 
pseudoreplicate analyses of the differences between the AICc values of Brownian motion and drift 
models.  
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Figure 2.5:  
Differences in Mode Support for Microsyopoidea. The histogram shows the distribution among 1000 
pseudoreplicate analyses of the differences between the AICc values of Brownian motion and drift 
models.  
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Figure 2.6:  
Differences in Mode Support for Plesiadapoidea. The histogram shows the distribution among 1000 
pseudoreplicate analyses of the differences between the AICc values of Brownian motion and drift 
models.  
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